ABSTRACT Analysis of the association between haplotypes and phenotypes is becoming increasingly important. We have devised an expectation-maximization (EM)-based algorithm to test the association between a phenotype and a haplotype or a haplotype set and to estimate diplotype-based penetrance using individual genotype and phenotype data from cohort studies and clinical trials. The algorithm estimates, in addition to haplotype frequencies, penetrances for subjects with a given haplotype and those without it (dominant mode). Relative risk can thus also be estimated. In the dominant mode, the maximum likelihood under the assumption of no association between the phenotype and presence of the haplotype (L 0max ) and the maximum likelihood under the assumption of association (L max ) were calculated. The statistic Ϫ2 log(L 0max / L max ) was used to test the association. The present algorithm along with the analyses in recessive and genotype modes was implemented in the computer program PENHAPLO. Results of analysis of simulated data indicated that the test had considerable power under certain conditions. Analyses of two real data sets from cohort studies, one concerning the MTHFR gene and the other the NAT2 gene, revealed significant associations between the presence of haplotypes and occurrence of side effects. Our algorithm may be especially useful for analyzing data concerning the association between genetic information and individual responses to drugs.
A NALYSIS of polymorphism data based on linkage useful to consider the association between polymorphism and phenotype based on haplotypes or diplotype configudisequilibrium (LD) and haplotype structure is becoming increasingly important. Haplotype is also userations (haplotype combinations) rather than on alleles or genotypes. Recent studies have suggested that, in some ful for associating the genetic information of subjects with various phenotypes. A phenotype is often associcases, phenotypes such as diabetes (Horikawa et al. 2000) and reaction to drugs are associated with haplotypes or ated not only with each SNP but also with haplotypes. If the disease association of a specific allele is dependent diplotype configurations rather than (single-nucleotide on cis-acting interactions with other loci, the disease polymorphism) genotypes (Judson et al. 2000 ; Bader association may not be detected unless the functional 2001; Tanaka et al. 2002; Urano et al. 2002) . haplotypic unit itself is analyzed. Thus, many studies
The phenotypes at the level of individuals are based of various diseases and conditions have reported the on diplotype configurations rather than haplotypes. importance of haplotype information in addition to sinThis is equivalent to the relationship between the genogle locus information (Puffenberger et al. 1994; Drys- types and alleles at a locus. Note that, according to dale et al. Mummidi et al. 2000; Hugot et al. 2001;  Mendel's law, phenotypes are associated with genotypes Joosten et al. 2001; Rioux et al. 2001) .
but not alleles. Therefore, the association between a pheWe can interpret haplotypes as complete data and genonotype and genetic information is in some cases detypes (for example, SNP genotypes at multiple linked loci) tected more efficiently by comparing the proportions as incomplete data from the statistical viewpoint, since we of affected individuals between subjects with different can extract all genotype data from haplotype data, while diplotype configurations than by comparing the haplothe reverse is not the case. Therefore, it is generally more type frequencies between subjects with different phenotypes. However, the haplotype or diplotype configuration of a subject cannot easily be observed, although molecular 1 with different diplotype configurations, the diplotype them from the collection of haplotype copies. The observed data are the genotypes at multiple linked loci configuration for each individual should be calculated as posterior distribution based on population haplotype involved in the haplotypes of the group of all subjects. In this EM-based algorithm for both haplotype and penfrequencies, which are inferred using one of the haplotype inference algorithms, such as Clark's algorithm etrance inference, the experiment used to define the sample space is a little different. After two ordered hap-(Clark 1990), the expectation-maximization (EM) algorithm (Excoffier and Slatkin 1995; Hawley and lotype copies are assigned to each subject, he or she develops or does not develop a phenotype as a stochastic Kidd 1995; Long et al. 1995; Schneider et al. 2000; Kitamura et al. 2002) , the PHASE algorithm (Stephens process . Thus, the difference between the EM-based algorithm for haplotype inference and the new algoet al. 2001), the partition-ligation (PL) algorithm , and the PL-EM algorithm .
rithm presented here is that, in the new algorithm, the process of development of phenotype is included in the Once diplotype configurations are inferred, all the individuals are classified according to the presence or abexperiment for construction of the sample space. New sample space: Let us assume that there are l linked sence of a haplotype or a diplotype configuration. After classifying the affected and nonaffected individuals into SNP loci. The number of all possible haplotypes will be L ϭ 2 l . We set up a collection of an infinite number categories, the test of independence is performed.
When one of these algorithms is used to calculate the of haplotype copies. The haplotype frequencies in the collection are ⌰ ϭ ( 1 , . . . , j , . . . , L ), where j is the posterior distribution of the diplotype configuration, at least in some individuals, diplotype configurations are frequency of the jth haplotype, and j Ն 0, ͚ L jϭ1 j ϭ 1. To each of N individuals, ordered two haplotype copies not unequivocally determined. It is not clear how much type I error can occur by classifying subjects according are assigned by randomly drawing them from the collection of haplotype copies. A diplotype configuration is to inferred haplotypes rather than according to the real haplotype information.
defined as an ordered combination of two haplotype copies. (Throughout the algorithm section, "diploTo overcome this problem, we developed an algorithm to infer diplotype-based penetrance in addition type configuration" means an ordered set of two haplotype copies for a subject, while in the other parts of this to haplotype frequencies in populations and diplotype configurations based on observed single-nucleotide polyarticle, it means an unordered two haplotype copies for a subject). Let a 1 , a 2 , . . , a L 2 be possible diplotype morphism (SNP) genotypes at multiple linked loci and phenotype data. This algorithm does not require that configurations. The probability that the ith subject has the diplotype configuration a k is P(d i ϭ a k | ⌰) ϭ l m , the diplotype configuration of each individual be unequivocally determined. Rather, on the basis of the EM where d i is a diplotype configuration for the ith subject, and l and m are the orders of the haplotypes that constialgorithm, it calculates the maximum-likelihood estimates of population haplotype frequencies, posterior tute a k . This means that Hardy-Weinberg equilibrium is assumed at the haplotype level. The ith subject develdistribution of the diplotype configuration for each individual, and the diplotype-based penetrances. Using the ops the phenotype ϩ at the probability determined as a function of d i . Theoretically, the penetrances can be algorithm, the association between the presence of haplotypes and a phenotype (in the dominant mode) can defined for all the diplotype configurations. However, it is not realistic to assign different penetrances to all be tested at the individual level using the genotype and phenotype data from cohort studies or clinical trials. the different diplotype configurations. We therefore defined only two or three penetrances depending on the We examined the usefulness of this algorithm using both simulated and real data sets and found that it was mode of inheritance in this study. Thus, in the dominant mode, the subjects with a hapvery useful for analyzing genotype and phenotype data from cohort studies and randomized clinical trials.
lotype and those without it were given two different penetrances, while in the recessive mode, the subjects who were homozygous for a haplotype and the others METHODS were given two different penetrances. In the genotype mode, the subjects with zero, one, and two copies of a Algorithm: Sample space of the EM-based algorithm for haplotype inference: In the EM-based algorithm for haplohaplotype were given three different penetrances. Let H all denote the set of all the haplotypes, and let type inference using genotype data, the sample space is defined as a set of outcomes from the following experi-H ϩ denote the subset of H all containing the haplotype or haplotypes the presence of which has a different ment. First, haplotype frequencies are provided for a collection of infinite haplotype copies. (Throughout this effect than the others. H ϩ typically contains only one haplotype, but may contain multiple haplotypes. If H ϩ article, "haplotype" and "haplotype copy" have different concepts. If a subject has the two same haplotype copies, is set up so that it contains all the haplotypes with an allele at a locus, then it is equivalent to the situation the number of haplotypes is still one.) According to the haplotype frequencies, each of the N subjects is given of testing the association of an allele (rather than a haplotype) with the phenotype. Two penetrances were two ordered haplotype copies after randomly drawing set when the analysis was performed either in the domi-
nant or in the recessive mode. Thus, in the dominant (1) mode, let D ϩ denote a set of diplotype configurations that contains a member or members of H ϩ . In the recesFor any i and k, sive mode, let D ϩ denote a set of diplotype configurations whose two haplotypes are the members of H ϩ . Then, let q ϩ denote the probability that the ith individ- 
(2) and and
Note that ⌰ and q ϩ , q Ϫ are independent. Since dominant or recessive mode of inheritance is assumed in the above model, only two penetrances are defined.
If genotype-dependent mode is assumed, three penetrances should be defined depending on the genotype. Let D 0 , D 1 , and D 2 denote the sets of diplotype configuraUnder the null hypothesis that the phenotype is indetions that contain zero, one, and two copies of the mempendent of the diplotype configuration concerning the bers of H ϩ , respectively. Let q 0 , q 1 , and q 2 denote the loci examined, the likelihood function is probabilities that the ith individual develops ϩ when
where q c denotes the penetrance for all the diplotype and configurations.
For any i and k,
Note that ⌰ and q 0 , q 1 , and q 2 are independent.
The new experiment is different from the old experiment in that the process of developing a phenotype is To obtain the maximum likelihood under the alternaincluded in the former. The parameters q ϩ and q Ϫ or tive hypothesis, Equation 1 or 2 is maximized over (⌰, q 0 , q 1 , and q 2 are, in addition to ⌰, included in the q ϩ , and q Ϫ ) or (⌰, q 0 , q 1 , and q 2 ), and the maximum new probability space. Note that i is independent of likelihood thus obtained is denoted as
tion 3 is maximized over ⌰ and q c , and the maximum Likelihood function: The observed data are the genolikelihood under the null hypothesis thus obtained is types and phenotypes of the subjects. Let G obs ϭ (g 1 , g 2 , denoted as L 0max . The likelihood ratio L 0max /L max is used . . . , g N ) and ⌿ obs ϭ (w 1 , w 2 , . . . , w N ) denote the vectors to test the association between the haplotype and the of the observed genotypes and phenotypes, respectively, phenotype. where g i and w i denote the observed genotype and pheIn the maximization of L max , the parameters to be estimated are ⌰ ϭ ( 1 , 2 , . . . , L ), q ϩ , and q Ϫ in the dominant notype of the ith subject.
or recessive mode and ⌰, q 0 , q 1 , and q 2 in the genotype The likelihood function under the alternative hypothmode, while, in maximization of L 0max , the parameters esis is written as follows. Thus the likelihood function to be estimated are ⌰ ϭ ( 1 , 2 , . . . , L ) and q c . The in the dominant or recessive mode is space spanned by the latter maximization is a subspace
of that spanned by the former. Under the null hypothesis, the statistic Ϫ2 log(L 0max /L max ) is expected to follow where A i denotes the set of a k for ith subject that is the 2 distribution with 1 or 2 d.f. asymptotically deconsistent with g i .
pending on the number of penetrances. Since d i is independent of q ϩ , q Ϫ and i is indepenThe EM algorithm: In this section, the algorithm is described mainly for the dominant mode. If the comdent of ⌰ conditional on d i , notype mode, q 0 , q 1 , and q 1 are substituted by the expected values just as q ϩ and q Ϫ were substituted in case of the dominant mode as described above. phenotype is tested. In PENHAPLO, we implemented the algorithm to test the association between all possible By use of the EM algorithm, missing data in the observed data of genotypes and phenotypes could be hanincomplete haplotypes in dominant, recessive, or genotype mode. However, when the number of loci in the dled. If data were missing from the observed genotype for the ith subject, g i was interpreted as the set of possible region is high, the number of all the incomplete haplotypes should be very large. The problem of multiple genotypes for the subject not inconsistent with g i . For the missing data in phenotypes, the probability that a comparison will indeed emerge and this problem is discussed in the discussion. subject develops the unknown phenotype was interpreted to be 1.
Simulation: Empirical distribution of the statistic Ϫ2 log(L 0max /L max ) under the null hypothesis: We first examWe can test the association between a phenotype and a set of haplotypes rather than a single haplotype. Thus, ined the empirical distribution of the statistic Ϫ2 log (L 0max /L max ) under the null hypothesis by simulation. a set of haplotypes H ϩ typically has only a single haplotype as a member; however, multiple haplotypes can be To do this, we used the frequency distribution of haplotypes ⌰ obtained from the real data rather than simulatmembers of H ϩ . We have recently defined a concept of "incomplete haplotype" (Kamatani et al. 2004) .
ing it. Thus, we used ⌰ obtained from our previous study on SAA (serum amyloid A) genes (Moriguchi et Thus, let H all denote the set of all the haplotypes concerning all linked loci within a region. A complete al. 2001), which include six SNPs. Table 1 shows the haplotypes and their frequencies.
For q c , we tested varihaplotype is defined as a list of alleles at all linked loci in the region. Here, incomplete haplotype H I is defined ous values between 0 and 1. Note that, under the null hypothesis, the penetrance is the same for all diplotype as a subset of H all whose members have certain alleles at some loci within the region (Kamatani et al. 2004) .
configurations. We began the simulation by assigning ordered sets Therefore, an incomplete haplotype is defined by a list of alleles at a limited number of the loci. In other words, of two haplotype copies to each of the N subjects by drawing the haplotype copies using ⌰. Then, the phenoan incomplete haplotype is defined by a list of alleles at all the loci (one allele at a locus), some of which type of each subject was determined according to q c . Thus, q c was used as the probability at which any subject are masked. For example, AC* defines an incomplete haplotype whose members are the complete haplotypes develops the phenotype ϩ . Then, after removing the phase information, the algorithm as defined above was ACT and ACC (when the alleles at the third locus are T and C). Note that the set of all incomplete haplotypes applied to the simulated data for determination of the statistic Ϫ2 log(L 0max /L max ). The simulation was repeated is not the same as the set of all the set of complete haplotypes. The former is included in the latter. Also 10,000 times, and the distribution of the statistic was examined. note that an allele of a SNP locus can also be defined as an incomplete haplotype because the allele T at the Simulation under the alternative hypothesis: Next, simulation under the alternative hypothesis was performed in third position in the above haplotype is defined as **T. Any incomplete haplotype as described above can the dominant mode. Thus, one of the haplotypes was assumed to be associated with the phenotype ϩ , and be used as a target haplotype whose association with a this haplotype was denoted the "phenotype-associated sample was constructed by drawing a new set of N subjects from the original N subjects, by permitting duplihaplotype." For this simulation, D ϩ was defined as the set of diplotype configurations that contained at least cate sampling, and was applied to the present algorithm. Bootstrap sampling was repeated 10,000 times (B ϭ one phenotype-associated haplotype. Various real values between 0 and 1 were given to q Ϫ and q ϩ before the 10,000) to calculate means and standard errors of the frequencies of the haplotypes, q ϩ , q Ϫ , and the statistic simulation.
The simulation was begun by assigning each of the Ϫ2 log(L 0max /L max ). subjects an ordered set of two haplotype copies by drawing them using ⌰. Then the phenotype of each person RESULTS was determined using q ϩ or q Ϫ as the probability of developing the phenotype ϩ . q ϩ was used when the Empirical distribution of the statistic Ϫ2 log( L 0max / L max ) under the null hypothesis: Although we implediplotype configuration of that subject contained the phenotype-associated haplotype, while q Ϫ was used othmented dominant, recessive, and genotype modes in PENHAPLO, the distribution of the statistic was examerwise.
After removing the phase information, the SNP genoined mainly in the dominant and the genotype modes. Figure 1 , A-D, shows the histograms of the statistic types at multiple loci and the phenotype data were subjected to the above-defined algorithm. Simulation was Ϫ2 log(L 0max /L max ) at various values of q c and N in the dominant mode. The histograms were compatible with repeated many times, and the results obtained were analyzed. Thus, the power was estimated at various valthe expected 2 distribution with 1 d.f. under all the conditions tested. The histogram in the genotype mode ues of q ϩ and q Ϫ by assuming that, under the null hypothesis, the statistic Ϫ 2 log(L 0max /L max ) follows the 2 distriwas compatible with the expected 2 distribution with 2 d.f. for q c ϭ 0.1 and N ϭ 1000 ( Figure 1E ), while the bution with 1 d.f.
In addition, simulation data were applied to two difhistogram is shifted to the positive direction as compared with the curve for q c ϭ 0.2 and N ϭ 200 (Figure ferent association tests to evaluate the performance of the present algorithm. First, using the true diplotype 1F). The genotype model seems to require larger sample sizes than the dominant model for the test statistic to configurations of the subjects that could not be observed easily in real data, two-by-two contingency tables were follow the expected distribution. Table 2 shows the estimated q ϩ and q Ϫ and empirical prepared for 2 test. The rows of the contingency tables show whether a subject had at least one copy of phenotype I error rates (␣ ϭ 0.05) for various simulation parameters of q c and N in the dominant mode. These type-associated haplotype, and the column shows the phenotype. Second, after posterior distribution of the results suggest that, under the null hypothesis, this statistic follows the 2 distribution with 1 d.f. asymptotically. diplotype configuration for each subject was estimated by LDSUPPORT, which is the haplotype-inference proSimulation under the alternative hypothesis: Simulation under the alternative hypothesis was performed in gram based on the EM algorithm (Kitamura et al. 2002) , using the phase-removed genotype data, twothe dominant mode. Thus, it was repeated 10,000 times for various values of q ϩ , q Ϫ , and N, and the proportion by-two contingency tables were prepared assuming that the diplotype configuration of the maximum probability of the trials that yielded values of the statistic over 3.841 (the value that yielded the cumulative density function was true. Then the probablity of the tables were calculated by 2 distribution with 1 d.f. In this simulation, of 0.95 for the 2 distribution with 1 d.f.) was determined (empirical power). Figure 2 shows that the power inanother ⌰ from an artificial gene, which was made for six SNPs under a weak linkage disequilibrium condition, creased with increasing value of q ϩ /q Ϫ (q ϩ /q Ϫ Ն 1) and with increase in sample size N. We then tested the effects was used as the frequency distribution of haplotypes in addition to ⌰ from the SAA gene.
of frequency of the phenotype-associated haplotype on the statistic. Figure 3 shows that the empirical power Analysis of real data: We analyzed two sets of data previously published. One of them was derived from peaked at the intermediate frequency of phenotypeassociated haplotype. a cohort study in which the association between the haplotypes at MTHFR and the occurrence of side effects Table 3 indicates that the present algorithm has higher power than the association test using the continwas tested. The other was derived from another cohort study in which the association between the haplotypes gency tables made by posterior distribution of the diplotype configuration after haplotype inference, especially at NAT2 (N-acetyltransferase 2) gene and the occurrence of side effects was tested, as published previously under weak linkage disequilibrium conditions. The association test with the contingency tables made by the true (Tanaka et al. 2002) . In both of the studies, haplotypes were significantly associated with the occurrence of side diplotype configurations has the highest power because the complete data are known, but the present algorithm effects.
To evaluate the reliability of estimated parameters q ϩ can be applied to SNP genotypes at multiple loci without complete data that could not be observed easily in real and q Ϫ , the nonparametric bootstrap method is used to calculate means and standard errors. A bootstrap data. Distribution of estimated penetrances q ؉ and q Ϫ : We who received methotrexate were examined for both the occurrence of side effects and the genotypes at two then examined the distribution of estimated q ϩ and q Ϫ under the alternative hypothesis. et al. 2002) . One of the haplotypes was assumed to be the phenotype-associated haplotype, according to a preq Ϫ was also reliably estimated. These results indicate that the estimated penetrances are accurate with minor vious article. The statistic Ϫ2 log(L 0max /L max ) calculated for the data was 6.8074, which was significant (P Ͻ 0.01). variations.
Analysis of real data: We then applied the present Type II error estimated by the nonparametric bootstrap method was 0.22, which should decrease as the sample algorithm to real data for MTHFR (Urano et al. 2002) and NAT2 (Tanaka et al. 2002) . Both sets of data were size increases. The maximum-likelihood estimates q ϩ and q Ϫ were 0.2571 Ϯ 0.0523 and 0.0588 Ϯ 0.0405, derived from cohort studies.
The data set for MTHFR was derived from a cohort respectively, and the maximum-likelihood estimate relative risk was 4.37. The standard errors of q ϩ and q Ϫ were study of rheumatoid arthritis patients. The 104 patients Each simulation was performed with a given penetrance (q c ) and a sample size (N ) under the null hypothesis in the dominant mode as stated in simulation (under methods). After removing the phase information, PENHAPLO was used to estimate q ϩ and q Ϫ under the alternative hypothesis. The same software also calculates L max by analysis under the alternative hypothesis and L 0max by analysis under the null hypothesis. The statistic Ϫ2 log(L 0max /L max ) was then calculated. This simulation was repeated 10,000 times for each parameter set.
a Mean Ϯ SD of the estimates for two penetrances obtained by analysis under the alternative hypothesis. b The proportion of attempts that yielded values of the statistic over 3.841 (the value that yields the cumulative density function of 0.95 for the 2 distribution with 1 d.f.).
estimated by the nonparametric bootstrap method. set was also derived from a cohort study of rheumatoid Thus, the presence of the phenotype-associated haploarthritis patients. The 144 patients who received sulfasaltype was associated with susceptibility to development azine were examined for both the occurrence of side of the phenotype. The diplotype distribution of each effects and the genotypes at seven SNP loci in the NAT2 subject was concentrated on a single event. For all the gene. One of the haplotypes, known to be the wild-type subjects, the diplotype configurations estimated under haplotype, was assumed to be the phenotype-associated the alternative hypothesis were the same as those estihaplotype, according to a previous article. The statistic mated by the null hypothesis or by LDSUPPORT, which Ϫ2 log(L 0max /L max ) calculated for the data was 13.4629, is the haplotype inference program based on the EM which was significant (P Ͻ 0.001), showing that this algorithm (Kitamura et al. 2002) . Thus, the diplotype haplotype was significantly associated with side effects. configurations estimated were in this case the same reType II error estimated by the nonparametric bootstrap gardless of the presence of phenotypes. The maximummethod is 0.088. The maximum-likelihood estimates q ϩ likelihood estimates ⌰ were not different between the and q Ϫ were 0.0809 Ϯ 0.0233 and 0.6248 Ϯ 0.1839, results obtained with and without incorporation of pherespectively, and the maximum-likelihood estimate relanotype data.
tive risk was 0.129. Thus, more precisely, the presence We next analyzed the data set for NAT2. This data of the phenotype-associated haplotype was associated with a reduced probability of side effects. The diplotype phenotype-associated haplotype in Table 1 was changed, and the effect of this change was absorbed by the other haplotypes. for calculation of the statistic Ϫ2 log(L 0max /L max ). The proportion of attempts with significant statistic values (3.841) was
Then simulation under the alternative hypothesis in the dominant mode was performed. Power was calculated as in Figure 2 . plotted. Each simulation was performed as described in simulation (under methods) under the alternative hypothesis in the dominant mode with a given penetrance of q ϩ and varying the other penetrance of q Ϫ to change the relative risk (q ϩ /q Ϫ ). This simulation was repeated 10,000 times for each parameter set. a ⌰ from SAA or an artificial gene was used. To construct the collection of haplotype copies for the artificial gene, the data were made for six SNPs, each pair of which had weak linkage disequilibrium.
b Two-by-two contingency tables were prepared for the 2 test using the true diplotype configurations of the subjects from simulation data, and the probablity of the tables were calculated by 2 distribution with 1 d.f. c Two-by-two contingency tables were prepared for 2 test using the posterior distribution of diplotype configurations estimated by LDSUPPORT, and the probablity of the tables was calculated by 2 distribution with 1 d.f. distribution of each subject was concentrated on a single be applied to data from either clinical trials or cohort studies. The algorithm can also calculate maximumevent in all cases but one. For all the subjects, the diplotype configurations estimated under the alternative hylikelihood estimates of penetrances in dominant, recessive, or genotype modes. pothesis were the same as those estimated under the null hypothesis or by LDSUPPORT (results not shown).
This algorithm implemented in PENHAPLO was found to be both reliable and powerful. As shown by the simulation studies in the dominant mode, the test DISCUSSION statistic Ϫ2 log(L 0max /L max ) followed the 2 distribution with 1 d.f. asymptotically when the data were derived In this article, we describe an algorithm that tests the association between a phenotype and a haplotype or a under the assumption of no association between haplotype and phenotype. It was also shown that this method haplotype set at the level of individuals using observed data for genotypes and phenotypes. This algorithm can had considerable power under certain conditions (when Each simulation was performed as described in simulation (under methods) under the alternative hypothesis with a given penetrance of q ϩ ϭ 0.2 and varying the other penetrance of q Ϫ in the dominant mode. The relative risk (q ϩ /q Ϫ ) was changed from 1.0 to 2.0. The sample size N was fixed at 1000. PENHAPLO was used to estimate q ϩ and q Ϫ under the alternative hypothesis and to calculate the statistic Ϫ2 log(L 0max /L max ). This simulation was repeated 10,000 times for each parameter set.
q ϩ /q Ϫ was not close to 1, N was sufficiently large, and types and phenotypes by focusing on penetrances, while other methods view the same association on the basis the frequency of the phenotype-associated haplotype was close to neither 0 nor 1). Furthermore, compared of the difference in the frequencies of the haplotypes between groups with different phenotypes. Recent studwith the association test using contingency tables made by the posterior distribution of diplotype configuration ies on drug-related genes have clarified that some genetic differences are significantly related to the occurafter haplotype inference, this algorithm has greater power. When this method was applied to real data pubrence of side effects and to efficacy. Some studies have shown that haplotypes are associated with reactions to lished previously, it could effectively detect the difference in penetrance between subjects with a given haplodrugs (Drysdale et al. 2000; Judson et al. 2000) . If one intends to apply the results of such studies to a single type and those without it.
Although the association between phenotype and individual, it is important to evaluate the probability that he or she develops the phenotype (for example, haplotypes is tested by comparing the frequencies of a haplotype between two groups with different phenotypes, the occurrence of side effects). In such a case, the probability of developing the phenotype may be estimated on comparison of penetrances between two groups with different diplotype configurations is even more importhe basis of the observed data for the genotypes before the administration of drugs. This article provides one tant in some cases. This method provided the basis for such studies.
such method for estimation of probabilities on which decisions regarding treatment may depend. In this algorithm, the diplotype configuration for each subject should not necessarily be unequivocally
The problem in association studies based on haplotypes is that the candidate phenotype-associated haplodetermined. Therefore, this method is expected to be robust and superior to the methods in which ambiguous type should be known in advance. In some cases, it is known from previous independent studies or the data diplotype configurations are not allowed. When the haplotypes in question involve only polymorphic loci within from the functional studies. However, when it is not, one must test all the haplotypes, each of which may a haplotype block, the diplotype distribution for each subject is often concentrated on a single event and the be associated with the phenotype. In PENHAPLO, the function to test all incomplete haplotypes for the associdiplotype configuration thus estimated is reliable. However, if the haplotypes involve loci located beyond the ation with a phenotype has been implemented. When each incomplete haplotype in a region is tested, the boundaries of a haplotype block, the diplotype distribution for each subject is often dispersed, and even if the problem of the multiple comparison will emerge because the number of all the incomplete haplotypes will most likely diplotype configuration is selected, estimation is not reliable. Therefore, the test presented here be huge. The correction for multiple comparisons, such as Bonferroni's correction, is definitely too conservative is likely to be more practical for real data.
This method considers the association between haplosince such multiple tests are tightly dependent on each
